The goal of this study was to identify genes in Bacillus cereus, a bacterium commonly associated with plant seeds and roots, that are affected by compounds originating from a host plant, tomato, or another rhizosphere resident, Pseudomonas aureofaciens. We constructed a B. cereus chromosomal DNA library in a promoter-trap plasmid, pAD123, which contains a promoterless version of the green fluorescent protein (GFP) gene, gfpmut3a. The library was screened by using fluorescence-activated cell sorting for clones showing a change in GFP expression in response to either tomato seed exudate or culture supernatant of P. aureofaciens strain 30-84. We identified two clones carrying genes that were induced by the presence of tomato seed exudate and nine clones carrying genes that were repressed by P. aureofaciens culture supernatant. A clone chosen for further study contained an open reading frame, designated lipA, that encodes a deduced protein with a lipoprotein signal peptide sequence similar to lipoproteins in B. subtilis. Expression of gusA under control of the lipA promoter increased twofold when cells were exposed to tomato seed exudate and in a concentrationdependent manner when exposed to a mixture of amino acids. When the wild type and a 10-fold excess of a lipA mutant were applied together to tomato seeds, 2 days after planting, the wild type displayed medium-dependent culturability, whereas the lipA mutant was unaffected. This study demonstrates the power of a promoter trap to identify genes in a gram-positive bacterium that are regulated by the biotic environment and resulted in the discovery of lipA, a plant-regulated gene in B. cereus.
Plants play host to a wide variety of microorganisms, including bacteria. The relationships between the bacteria and their host plants are diverse and include pathogenicity, symbiotic root nodule formation and nitrogen fixation, plant growth promotion, disease suppression, and probably other, as-yet-undiscovered, interactions. Two of the best-studied interactions between plant hosts and bacteria include the root nodule-inhabiting Rhizobium spp. and gall-forming Agrobacterium tumefaciens. Study of these systems led to the discovery that plants and bacteria communicate by using chemical signals that determine the outcome of the relationship between the organisms (32, 44, 45, 52) . Since these pioneering studies, research has revealed that many relationships between plants and gram-negative bacteria are mediated by compounds that influence bacterial gene expression (3, 11, 29, 35, 50) . In contrast, little attention has focused on the gram-positive bacteria, which are common in soil and on plant tissue (8, 10) . To address this knowledge gap, we are investigating chemical communication between grampositive bacteria and their plant hosts.
For more than two decades, genetic analysis of mutants has been the archetypal approach to understanding plant-microbe interactions. Nonnodulating mutants of Rhizobium spp. (24) , avirulent mutants of A. tumefaciens (9) , Ralstonia solanacearum (4, 18) , and Pseudomonas syringae (2, 23) , and antibioticdeficient mutants of biocontrol agents such as Bacillus cereus (39) and Pseudomonas fluorescens (46) have provided insights into the mechanisms of interaction in each of these symbioses. Each of these classes of mutants had a dramatic null phenotype readily detected in a qualitative assay that could be conducted on thousands of candidates for an exhaustive mutant hunt. Although mutant analysis has been fruitful, it limits understanding of symbioses to genes that have global effects because they affect early stages of infection or are pleiotropic, as are the regulators and secretion systems that have been identified repeatedly in such screens. Genes with subtle quantitative effects are undoubtedly involved in the establishment of these symbioses, and yet most mutant screens will not detect them. To capture the full range of genes that contribute to a successful symbiosis, the arsenal of tools for identification of the genes must expand. Promoter traps have been a useful tool for identifying genes that were overlooked in traditional mutant screens (26, 36) , and it seems likely that such methods will become essential to developing an accurate portrait of the complex interactions that result in the establishment of a symbiosis.
B. cereus is a gram-positive bacterium that is ubiquitous in soil and in the rhizosphere of plants (13, 34, 43) . Previous work with recombinant inbred lines (RILs) of tomato demonstrated a genetic basis in tomato for the support of growth of B. cereus strains in the spermosphere after seed inoculation (40, 42) . Several quantitative trait loci were identified that are highly correlated with growth of B. cereus strain UW85 on tomato seeds. Additionally, although there were differences among the RILs in their ability to support the growth of B. cereus, they did not differ in support of growth of strains of P. fluorescens or Pseudomonas aureofaciens (40) . The results of these studies suggest that specific host factors are required for growth of B. cereus in the tomato spermosphere. We speculated that chemicals from the tomato seed or seedling might influence gene expression in B. cereus, and the outcome of this gene expression could affect the ability of B. cereus to grow in the tomato spermosphere.
The relationship between B. cereus and host plants is likely influenced by other plant-associated bacteria present in the system. Strains of P. aureofaciens are commonly found associated with field-grown plant roots (33) and have been isolated from the same alfalfa and soybean root segments as B. cereus (E. A. B. Emmert, L. Jacobson, G. S. Gilbert, and J. Handelsman, unpublished data). Compounds produced by rhizosphere bacteria living in close proximity to B. cereus could influence gene expression and ultimately behavior of B. cereus on plant tissue. To begin to address this possibility, we chose to investigate the effect of P. aureofaciens 30-84 (20, 33) culture supernatant on gene expression in B. cereus UW85.
We used a modification of differential fluorescence induction (48) to identify genes whose promoter activity was influenced by the presence of tomato seed exudate from a RIL capable of supporting growth of B. cereus or P. aureofaciens culture supernatant. We identified several genes regulated by biotic material.
MATERIALS AND METHODS
Strains and plasmids. The strains and plasmids used in the present study are listed in Table 1 . The promoter-trap plasmid, pAD123, is available through the Bacillus Genetic Stock Center (BGSC) at The Ohio State University (http: //bacillus.biosci.ohio-state.edu/; BGSC number ECE165).
Culture conditions. Escherichia coli was grown in Luria-Bertani (LB) broth (27) or on LB agar at 37°C. B. cereus was grown in 0.5ϫ or 0.1ϫ tryptic soy broth (TSB; Becton Dickinson, Sparks, Md.); on 0.5ϫ, 0.1ϫ, or 0.01ϫ tryptic soy agar (TSA); in MESAA1 with DL-malate as the carbon source (28) ; in MESAA1 containing tomato seed exudate (MESAA1E; 1 ml of MESAA1E contains 0.25 ml of 4ϫ MESAA1, 0.1 ml of tomato seed exudate, and 0.65 ml of sterile distilled water); in MESAA1 containing 0.5 mM Ca 2 SO 4 (MESAA1C; 1 ml of MESAA1C contains 0.25 ml of 4ϫ MESAA1, 0.1 ml of 0.5 mM Ca 2 SO 4 , and 0.65 ml of sterile distilled water); MESAA1 containing P. aureofaciens 30-84 culture supernatant (MESAA1sup; 1 ml of MESAA1sup contains 0.5 ml of MESAA1 and 0.5 ml of P. aureofaciens MESAA1 48-h culture supernatant); or brain heart infusion broth (Becton Dickinson). B. cereus and P. aureofaciens cultures were incubated at 28°C with vigorous shaking.
Antibiotic selection for E. coli strains containing pAD123 or its derivatives was done with either 10 g of chloramphenicol or 100 g of ampicillin/ml. Selection for B. cereus containing pAD123 or its derivatives was done with 10 g of chloramphenicol/ml. Selection for the chromosomal gusA reporter strain was done with 75 g of spectinomycin/ml.
Electroporation of E. coli and B. cereus. E. coli was electroporated by using the protocol in the operating manual for the GenePulser transfection apparatus (Bio-Rad Laboratories, Hercules, Calif.).
B. cereus was grown overnight in 10 ml of 0.5ϫ TSB. A total of 2 ml of overnight culture was used to inoculate 500 ml of brain heart infusion broth. When the culture reached an optical density at 600 nm of 0.3, it was centrifuged at 8,000 ϫ g for 10 min at 4°C, and the pellet was resuspended in 40 ml of cold electroporation buffer (0.5 mM MgCl 2 , 272 mM sucrose, 0.2 mM K 2 HPO 4 , 50 M KH 2 PO 4 ), filter sterilized, and stored at 4°C. Cells were centrifuged at 6,000 ϫ g for 6 min at 4°C. The pellet was resuspended in 0.5 ml of cold electroporation buffer, and the cell suspension was placed on ice. DNA (0.1 to 1.0 g) in 1 to 20 l of water was mixed with 100 l of the cell suspension, incubated on ice for 5 min, and transferred to a chilled cuvette with a 0.2-cm interelectrode gap (BioRad). Cells were electroporated at 25 F, 200 ⍀, and 1.2 kV in a GenePulser electroporation apparatus (Bio-Rad). Cells were transferred to 2 ml of LB medium in an 18-mm test tube, incubated at 37°C with shaking for 1 h, and spread onto 0.5ϫ TSA containing the appropriate antibiotics. All plasmids isolated from E. coli DH5␣ were electroporated into, and isolated from, E. coli GM2929 prior to B. cereus electroporation.
Construction of the promoter-trap library. The promoter trap library was constructed as described previously (6) , with the following modifications. Chromosomal DNA from B. cereus UW85 was isolated by using the Easy-DNA kit (Invitrogen, Carlsbad, Calif.) according to the manufacturer's protocol, with the addition of vortexing the cells for 3 min in the presence of 0.1-mm-diameter silica beads before the addition of solution A. B. cereus UW85 chromosomal DNA was partially digested with Sau3A, and 1-to 3-kb fragments were purified by using the QIAquick gel purification system (Qiagen, Valencia, Calif.) prior to ligation into pAD123 (6) . The ligation mixture was introduced into E. coli DH5␣ by electroporation, and cells were plated on LB agar containing 10 g of chloramphenicol and 100 g of ampicillin/ml. Approximately 33,000 colonies were scraped from the plates after overnight incubation, and plasmids were purified by using the Qiagen QIAprep Spin Miniprep kit. The library was electroporated into E. coli GM2929, plated and purified as for E. coli DH5␣, and then introduced into B. cereus UW85 by electroporation. Transformants were selected on 0.5ϫ TSA containing 10 g of chloramphenicol/ml. Transformation plates were scraped and pooled into two groups in 0.5ϫ TSB containing 10 g of chloramphenicol/ml and 10% glycerol, and aliquots were frozen and stored at Ϫ80°C.
Preparation of tomato seed exudate. RIL 37 tomato (31, 42) was field grown, and seeds were separated from the fruit in the laboratory as described previously (41) . Wisconsin 55 tomato seed was purchased from Jung Seed Company (Randolph, Wis.). A total of 50 mg of tomato seeds were surface disinfected by a brief rinsing with 95% ethanol, followed by shaking at 25°C for 5 min in 100 ml of diluted bleach solution (99 ml of deionized water and 1 ml of 6% hypochlorite solution). Seeds were rinsed three times for 5 min each in 100 ml of sterile deionized water at 25°C with shaking. Each 50-mg portion of disinfected seeds was transferred to a single well of a 24-well plate containing 1.5 ml of sterile 0.5 mM Ca 2 SO 4 (1ϫ exudate). The plate was sealed with parafilm, wrapped in foil, and placed on a shaker at 25°C, with gentle shaking. After 24 h of incubation, 10 l was removed and spotted on 0.1ϫ TSA. The agar plate was incubated overnight at 28°C. Exudate that did not show bacterial growth on 0.1ϫ TSA was collected after 48 h of incubation, filter sterilized by using a 0.22-m (pore-size) nylon presterilized syringe filter, and used in experiments. Exudate was prepared immediately before use for all flow cytometry experiments and the quantitative ␤-glucuronidase (GUS) assays.
Preparation of P. aureofaciens culture supernatant. P. aureofaciens strain 30-84 (20, 33) was grown in MESAA1 medium for 48 h with vigorous shaking. Cells were pelleted by centrifugation (6,000 ϫ g for 6 min), and culture supernatant was filter sterilized and stored at Ϫ20°C. For screening, thawed supernatant was diluted with an equal volume of MESAA1 medium (MESAA1sup).
Screening of the promoter-trap library by using a modified differential fluorescence induction technique. Figure 1A depicts the screening strategy. Sorting was performed by using a FACStar Plus apparatus (Becton Dickinson) fitted with an argon laser emitting at 488 nm. Bacteria were detected by forward scatter, side scatter, and fluorescence. Data were collected by using logarithmic amplifiers. The flow rate was adjusted for data collection of 1,500 events/s. All culture media contained 10 g of chloramphenicol/ml. One sample from each group of the stored library was thawed on ice and used to inoculate 50 ml of MESAA1. The library was incubated for 16 h, and 0.5-ml samples were pelleted in 1.5-ml microcentrifuge tubes by spinning for 30 s at 14,000 ϫ g. The supernatant was discarded, and the pellet was resuspended in twice the original volume of MESAA1E (exudate sort) or MESAA1sup (supernatant sort). Cells were incubated for 4 h and sorted, retaining green fluorescent protein (GFP)-expressing cells. The GFP-expressing cells represented ca. 4% of the total cell population. The sorted cells were grown overnight in 1 ml of MESAA1. After 15 h, the cells were pelleted by centrifugation for 30 s at 14,000 ϫ g, the supernatant was discarded, and the pellet was resuspended in 2 ml of fresh MESAA1C (exudate sort) or MESAA1 (supernatant sort). Cells were incubated for 4 h and sorted into three groups based on fluorescence intensity: weak fluorescence (0 to 33% of maximum), medium fluorescence (33 to 66% of maximum), and strong fluorescence (66 to 99% of maximum). The groups were incubated overnight in 1 ml of MESAA1. After 15 h, the individual cultures were split into two 0.5-ml aliquots, and each aliquot was centrifuged as described above. One aliquot per group was resuspended in 1 ml of MESAA1C or MESAA1. The other aliquot was resuspended in 1 ml of MESAA1E or MESAA1sup. All cultures were incubated for 4 h. For each group, the MESAA1C or MESAA1 culture was sorted, and fluorescence intensity data for the population were collected. Immediately after the first sort, the MESAA1E or MESAA1sup culture was sorted. Any portion of the population that exhibited more or less fluorescence than the cells grown in MESAA1C or MESAA1 was collected in 1 ml of 0.5ϫ TSB and plated for single colonies on 0.5ϫ TSA within 1 h after sorting. The plates were incubated overnight. Individual colonies were restreaked on the same medium for isolated colonies. For the exudate and supernatant sorts, 25 isolates from each group (weak, medium, and strong) were picked at random for flow cytometry to identify individual clones showing differential fluorescence in response to exudate or supernatant.
Flow cytometry to verify differential GFP expression. Each individual clone was grown overnight in 1 ml of MESAA1. Cultures were split and centrifuged for 30 s at 14,000 ϫ g. One pellet was resuspended in 1 ml of MESAA1C (exudate clone) or MESAA1 (supernatant clone), and the other was resuspended in 1 ml of MESAA1E (exudate clone) or MESAA1sup (supernatant clone). Cultures were incubated for 4 h. Samples were analyzed by using a FACSCalibur flow cytometer (Becton Dickinson) with an air-cooled argon laser at 488 nm; forward and side scatter data were collected by using logarithmic amplifiers. Data were analyzed by using the CELLQuest data acquisition and general analysis software (Becton Dickinson). Purified plasmid was electroporated into B. cereus UW85, and flow cytometry was repeated to confirm that fluorescence changed in response to the addition of exudate or supernatant.
Sequence analysis of clones. Plasmid DNA was isolated from the B. cereus clones by using a QIAprep Spin Miniprep protocol (Qiagen) according to the manufacturer's instructions, except that cells were resuspended in 300 l of buffer P1 and 50 l of 0.1-mm silica beads was added to each tube. The tubes were vortexed at high speed for 3 min, the beads were allowed to settle, and 250 l of supernatant was transferred to a fresh 1.5-ml microcentrifuge tube. The instructions provided by the manufacturer were then followed.
The plasmids were electroporated into E. coli DH5␣. Purified plasmid from DH5␣ (Qiagen QIAprep Spin Miniprep) was used for sequencing, performed with the ABI PRISM BigDye Terminators v3.0 cycle sequencing kit (PerkinElmer), by using primers flanking the multiple cloning site of pAD123 (left, 5Ј-ACC TGA CGT CTA AGA ACC CAT TAT T-3Ј; right, 5Ј-GGG ACA ACT CCA GTG AAA AGT TCT T-3Ј). Sequencing gels were run at the University of Wisconsin-Madison Biotechnology Center, on an ABI 377 automated DNA sequencer. Each sequencing reaction produced ca. 700 bases of readable sequence. The sequences were analyzed with BLASTN and BLASTX algorithms on the National Center for Biotechnology Information website (www.ncbi.nlm .nih.gov/BLAST/) (1) .
Construction of a chromosomal lipA-gusA reporter strain. A chromosomal gusA fusion to the B. cereus UW85 lipA promoter was constructed by using a pUC18-based suicide plasmid, and this resulted in a functional wild-type gene with an additional wild-type promoter fused to the gusA reporter gene on the chromosome.
pUC18 was modified to contain a spectinomycin resistance cassette (12) and gusA from mTn5SSgusA40 (51) and was designated pUCspgusA. A 600-bp PCRamplified DNA fragment containing the lipA promoter region (forward, 5Ј-GCC AGG ATC CGC ATG ATA CAT AGT CAA C-3Ј; reverse, 5Ј-CAA ACT GCA GGG CAG CAA AAT CTT CAC C-3Ј) was directionally cloned into the modified pUC18 vector. The plasmid was introduced into B. cereus UW85 by electroporation, and integrants were selected by plating onto 0.5ϫ TSA containing 100 g of spectinomycin/ml. Integration was confirmed by Southern analysis (data not shown).
Quantitative GUS assays. Enzyme assays were conducted on cultures with 4-methylumbelliferyl-␤-glucuronide (MUG) as a substrate for the GUS enzyme (17) . Assays were performed in 96-well opaque black microtiter dishes.
Cultures of B. cereus containing the chromosomal lipA-gusA fusion were grown overnight in MESAA1, and 100 l was subcultured into 2 ml of the same medium. Cultures were incubated for 4 h with shaking, split, centrifuged, resuspended in either 2 ml of MESAA1 without exudate (or amino acid mixture) or 2 ml of MESAA1 containing exudate (or amino acid mixture), and incubated for 4 h. Then, 1 ml of each culture was centrifuged for 2 min at 14,000 ϫ g, the supernatant was removed, and the pellet was frozen at Ϫ80°C. Pellets were thawed at room temperature and resuspended in 0.2 ml of resuspension buffer (50 mM Na 2 HPO 4 [pH 7.0], 10 mM Na 2 EDTA, [pH 8.0]). Cells were permeabilized by adding 8 l of 0.1% sodium dodecyl sulfate and 16 l of CHCl 3 , followed by vortexing at high speed for 10 s. Next, 10 l of permeabilized cells was added to 100 l of MUG assay buffer prewarmed to 37°C (50 mM Na 2 HPO 4 [pH 7.0], 1 mM Na 2 EDTA [pH 8.0], 5 mM dithiothreitol, 1 mM MUG). At each of four time points (6, 12, 18 , and 24 min), 20 l of the reaction was added to 180 l of stop buffer (0.2 M Na 2 CO 3 ). Product accumulation was measured in a Wallac Victor 2 1420 multilabel counter (Perkin-Elmer) with a 355-nm lamp filter and a 460-nm emission filter by using 4-methylumbelliferone (MU) to generate a standard curve. The BCA protein assay kit (Pierce, Rockford, Ill.) was used to determine protein concentrations in calculating enzyme activities. Enzyme assays were repeated at least three times with independent cultures.
Isolation of the full gene sequence of lipA from a BAC library of B. cereus UW85. PCR was used to generate a 600-bp fragment of the lipA gene by using pADSL7 as a template (forward, 5Ј-CCC GCA TGA TAC ATA GTC AAC-3Ј; reverse, 5Ј-CTC TGG CAG CAA AAT CTT CAC C-3Ј). The PCR product was labeled with digoxigenin (DIG) according to the manufacturer's protocol (Roche Molecular Biochemicals) and used in a Southern hybridization to probe purified plasmid DNA from a subset of a bacterial artificial chromosome (BAC) library of B. cereus UW85 (37). The DIG-labeled lipA probe was hybridized to the BAC clones by using a standard protocol (Roche Molecular Biochemicals).
One BAC plasmid, containing a 98-kb chromosomal DNA insert, was used to subclone a 6.0-kb fragment containing lipA sequence into pAD123. This subclone was partially sequenced by using primers flanking the multiple cloning site of pAD123 (described in the previous section) and a primer designed to sequence the 3Ј portion of lipA (5Ј-GGT GAA GAT TTT GCT GCC-3Ј). PCR primers were designed to amplify a 1.3-kb DNA fragment containing the full lipA sequence (forward, 5Ј-GGA GGG TAC CGC ATG ATA CAT AGT CAA C-3Ј; Reverse, 5Ј-AGT TCT GCA GTG GAA ATG ACG GCG TTT-3Ј).
Construction of a chromosomal lipA knockout by using marker exchange mutagenesis. Using PCR (forward 1, 5Ј-GGA GGG TAC CGC ATG ATA CAT AGT CAA C-3Ј; reverse 1, 5Ј-GGG AGG ATC CAA GGC AGC AAA ATC TTC A-3Ј; forward 2, 5Ј-CCT TGG ATC CTG AAG ATT TTG CTG CCT T-3Ј; reverse 2, 5Ј-AGT TCT GCA GTG GAA ATG ACG GCG TTT-3Ј), a unique BamHI site was introduced into the lipA coding sequence at codon 150. This modified lipA sequence was cloned into pTUC. A spectinomycin resistance cassette (12) was cloned into the PCR-generated BamHI site in the lipA sequence and resulted in a suicide plasmid containing a disrupted lipA gene sequence. The suicide plasmid was introduced into B. cereus UW85 by electroporation, and integrants were selected by plating on 0.5ϫ TSA containing 100 g of spectinomycin/ml. Individual integrants were grown for 48 h with subculturing every 12 h in 2 ml of 0.5ϫ TSB and plated for single colonies on 0.5ϫ TSA. Single colonies were tested for spectinomycin resistance and tetracycline sensitivity (7.5 g/ml). All potential mutants were verified by Southern analysis (data not shown).
Assays for bacterial growth on seeds. B. cereus UW85 and the lipA mutant were grown in 0.5ϫ TSB for 4 days to sporulation. Cultures were diluted 50-fold in sterile distilled water, and tomato seeds were inoculated with 100 l/seed and air dried under vacuum as described previously (41) . Seeds were used immediately after they were dried. When the wild type and mutant were coinoculated onto seeds, cultures were mixed by volume and diluted 50-fold prior to seed coating. In each experiment, at least two independent cultures were used to coat seeds, resulting in replication within each treatment.
Each seed was placed on a 1.5-cm water agar disk and watered with 10 l of sterile distilled water. Fifteen water agar disks were placed in a sterilized petri dish, and the dishes were sealed with parafilm and wrapped in aluminum foil. Petri dishes were placed at 24°C. At each time point (day 0 or the day of inoculation, day 1, day 2, day 3, or day 4), six disks from each replicate were sampled per treatment. Disks were placed in 9 ml of sterile water blanks and sonicated for 30 s (Branson Ultrasonics Corp., Danbury, Conn.). Samples were diluted 10-fold in sterile distilled water and spread on 0.01ϫ, 0.1ϫ, or 0.5ϫ TSA with or without 75 g of spectinomycin/ml by using an Autoplate 3000 (Spiral Biotech, Bethesda, Md.). Plates were incubated at 28°C overnight, and colonies were enumerated. The numbers of CFU per sample were calculated by using formulas in the Autoplate 3000 user guide.
Sequence accession numbers. The amino acid sequence of PrsA (P24327), the nucleotide sequence of a DNA fragment containing lipA (AY169384), the DNA fragment containing partial tspX sequence (AY169383) and partial sequences of the DNA inserts of P. aureofaciens supernantant-regulated clones B32 (AY169382), H11 (AY169374), H12 (AY169375), H17 (AY169376), H21 (AY169377), H23 (AY169378), H28 (AY169379), H29 (AY169380), and H33 (AY169381) are available in the GenBank database. (Fig.  1A) , we identified 11 clones that showed a decrease in GFP expression in the presence of P. aureofaciens 30-84 culture supernatant ( Table 2 ). The addition of supernatant to MESAA1 medium does not impair the growth of B. cereus (data not shown).
RESULTS

Identification of clones carrying regulated genes. Using the modified differential fluorescence induction technique
We identified two promoter-trap clones (SL7 and SL12) in which GFP expression increased in the presence of exudate from RIL 37 tomato seed (data for clone SL7 is shown in Fig.  1B) . The increase in GFP expression does not appear to be due to an increase in growth of B. cereus in the presence of exudate. B. cereus UW85 did not grow in 0.1ϫ exudate alone, and the growth of B. cereus UW85 containing pAD123 was not affected by the addition of 0.1ϫ exudate to MESAA1 (data not shown). Sequence analysis of the 600-bp DNA insert of pADSL12 from clone SL12 showed similarity to TspC, a tail specific protease in Bacillus anthracis (E ϭ 3e Ϫ27 ; GenBank accession number NP653631). Insertional inactivation of this gene (tspX) on the B. cereus UW85 chromosome did not result in noticeable phenotypic differences from wild type in culture or during growth on plants (data not shown).
The gene identified in the pADSL7 DNA insert encodes a deduced protein with a lipoprotein signal peptide sequence (LALSAC) similar to lipoproteins in B. subtilis (47) ; therefore, we designated the gene lipA. From sequence analysis of the region of DNA surrounding lipA, the gene does not appear to be part of an operon. Forty nucleotides upstream of lipA a putative open reading frame of 111 amino acids was detected in the opposite orientation. Sequence similarity to a B. anthracis hypothetical protein (E ϭ 7e Ϫ22 ; GenBank accession number NP656196) was identified ca. 450 nucleotides downstream of lipA in the same orientation.
Quantitative GUS assays. To quantify the increase in lipA promoter activity in the presence of RIL 37 exudate, we constructed a chromosomal lipA-gusA fusion, in which lipA activity increased twofold in the presence of 0.1ϫ RIL 37 exudate (data not shown). The addition of 0.05ϫ or 0.2ϫ RIL 37 exudate resulted in a Ͻ2-fold induction of lipA promoter activity (1.2-and 1.4-fold, respectively); therefore, 0.1ϫ exudate was used as the optimal concentration in further experiments.
In contrast to RIL 37 exudate, exudate prepared from Wisconsin 55 tomato seed did not influence the activity of the lipA promoter, indicating that lipA induction is influenced by either the genotype or cultural history of the tomato seed (data not shown). The addition of 0.0001ϫ Wisconsin 55 exudate to 0.1ϫ RIL 37 exudate abolished induction of lipA promoter activity (data not shown).
Exudates used in the experiments described above contained the accumulated compounds released from seeds over 48 h. To determine when the compound(s) responsible for induction of lipA promoter activity were released from the seed, RIL 37 exudate of various ages was used in the GUS assay. Exudate was collected after 24 h and stored at Ϫ20°C. The liquid covering the tomato seeds was replaced with fresh 0.5 mM CaSO 4 , and exudate was again collected after 24 h. The first 24-h fraction was compared to the second 24-h fraction for induction of lipA promoter activity by using the GUS assay. Sufficient accumulation of inducing compounds had occurred after 24 h to induce lipA promoter activity ϳ2-fold, whereas the exudate collected in the second 24 h period only slightly induced lipA promoter activity (data not shown).
Characterization of inducing compounds in exudate. Seed exudates contain many small molecules that include amino acids, sugars, organic acids, peptides, and volatiles (21, 25, 49) . . The solution contained amino acids not already present in MESAA1 medium (28) .
To determine whether amino acids were the component in seed exudate responsible for lipA induction, we determined the free amino acid content of RIL 37 and Wisconsin 55 tomato seed exudates (Table 3 ). This information was used to reconstruct the amino acid mixtures present in the exudates, and these mixtures were used in the GUS assay. Both mixtures failed to induce lipA promoter activity (data not shown), suggesting that compounds other than, or in combination with, amino acids in RIL 37 exudate induce lipA promoter activity.
Neither a mixture of sugars (17.7 mM glucose, 3.3 mM fructose, 4.6 mM maltose, and 9.3 mM xylose [17] ), nor a mixture of volatiles (0.1% methanol and 1% ethanol), nor an organic acid (0.1% [vol/vol] lactic acid) induced lipA promoter activity in the GUS assay (data not shown).
Construction and characterization of the lipA mutant of B. cereus UW85. To determine the effect of lipA on the behavior of B. cereus, a lipA knockout mutant of B. cereus UW85 was constructed by marker-exchange mutagenesis. The mutant grew at a rate similar to that of the wild type in complex medium (0.1ϫ TSB), defined medium (MESAA1), and defined medium containing 0.1ϫ RIL 37 tomato seed exudate (MESAA1E) (data not shown). The mutant sporulated, produced the antibiotic zwittermicin A, and survived for 30 days at 4 and 25°C in culture (MESAA1 and 0.1ϫ TSB) and in soil similarly to wild type (data not shown). The lipA mutant and wild type were tested for secretion of functional ␣-amylase and general protease activity in culture supernatant, and no differences between the mutant and wild type were observed (data not shown).
When inoculated onto separate RIL 37 tomato seeds placed on water agar disks, the lipA mutant and wild type showed the same growth pattern and reached the same detectable population sizes (on the second day of the assay when plated on 0.1ϫ TSA, the values were 6.02 Ϯ 0.09 average log CFU/ sample for the wild type and 5.98 Ϯ 0.09 average log CFU/ sample for the lipA mutant). When the lipA mutant was applied to the seeds in a 10-fold excess in a mixture with the wild type, the detectable population of the wild type decreased on the second day of the assay compared to the first day when the samples were cultured on 0.1ϫ TSA, whereas the detectable population of the mutant increased (Fig. 2) . To determine whether this decrease of the wild-type population was due to death of wild-type cells or reduced culturability, on the second day of the assay the bacteria isolated from the seed were spread on various strengths of TSA. The culturability of the wild type was lowest on 0.01ϫ TSA and higher on 0.1ϫ and 0.5ϫ TSA (Fig. 3) . Detection of the lipA mutant was not affected by medium type (Fig. 3 ). There appears to be a physiological difference between the wild-type and mutant cells that results in medium-dependent culturability of the wild-type cells on the second day of growth on tomato seeds.
A small decrease in the detectable populations of the wild type on day 2 of the assay was observed when the seeds were inoculated with equal amounts of the wild type and mutant. No decrease in the detectable populations of the wild type was observed when the seeds were inoculated with the mutant and a 10-fold excess of the wild-type (Table 4 ). The extent of the decrease in detectable populations of the wild type on day 2 of the assay when the seeds were incoulated with the wild type and a 10-fold excess of the mutant varied between experiments (Fig. 2) , with the most dramatic decrease below the limit of detection of the assay (Table 4) .
DISCUSSION
As a model system for increasing our understanding of the relationship between gram-positive plant-associated bacteria and other organisms in their environment, we have chosen to study the influence of chemicals exuded from tomato seeds and a rhizosphere-colonizing strain of P. aureofaciens on gene expression in B. cereus. Using this system, we identified nine clones carrying genes regulated by P. aureofaciens supernatant and two carrying genes regulated by tomato seed exudate. We characterized lipA, a tomato seed exudate-regulated gene in B. cereus.
The choice of biotic factors that might serve as gene regulators was based on previous work involving the interactions between B. cereus, its host plant, and other rhizosphere bacteria. In experiments with field-grown soybean and alfalfa plants, we routinely isolated strains of P. aureofaciens from the same root segments as B. cereus, suggesting that signaling between B. cereus and P. aureofaciens could be biologically relevant (Emmert et al., unpublished). For the present study, we used supernatant from the well-characterized P. aureofaciens strain 30-84, originally isolated from the rhizosphere of a wheat plant (20, 33) . Further characterization of the compounds in P. aureofaciens culture supernatant responsible for repression of B. cereus gene expression will be aided by the availability of mutants that lack the ability to produce secondary metabolites (5) . Sequence analysis of the P. aureofaciens supernatant-regulated clones identified similarity to genes encoding products involved in processes such as nutrient acquisition, as well as everal sequences with similarity to hypothetical proteins of unknown function ( Table 2 ). The choice of plant material was guided by previous work with RILs of tomato that identified several quantitative trait loci that were highly correlated with growth of B. cereus strains on tomato seeds (42) . The RILs that differed in support of B. cereus growth did not differ in support of growth of several Pseudomonas species (40) , indicating that host factors that are species specific for bacteria are required for B. cereus growth in the tomato spermosphere. To determine whether chemical compounds from the tomato seed or seedling influenced gene expression in B. cereus, we used tomato seed exudate from RIL 37, a line capable of supporting growth of B. cereus. RIL 37 exudate induced lipA promoter activity twofold, and exudate from RIL 29 and RIL 83, lines not supportive of growth, induced lipA promoter activity to the same extent as exudate from RIL 37 (data not shown), suggesting that induction of lipA promoter activity is not correlated with the ability of RILs to support B. cereus growth. Exudate from a genetically distinct tomato, Wisconsin 55, did not induce lipA promoter activity. We speculated that differences in seed exudate chemistry between RIL 37 and Wisconsin 55 were responsible for induction of lipA promoter activity through an inducing compound(s) in RIL 37 exudate, an inhibiting compound(s) in Wisconsin 55 exudate, or a specific ratio of compounds present in RIL 37 exudate. Our results suggest that although a mixture of amino acids induces lipA promoter activity, it is likely that compounds in the exudates other than amino acids are responsible for influencing lipA promoter activity. Further chemical analysis of RIL 37 and Wisconsin 55 exudates will be necessary to identify the compound or mixture of compounds that affect lipA promoter activity.
From sequence analysis of lipA, we deduced that this gene encodes a protein with a signal peptide sequence similar to lipoproteins in B. subtilis (47) . More specifically, BLASTX sequence analysis of lipA identified sequence similarity to PrsA of B. subtilis (39% identity). PrsA is a major lipoprotein in B. subtilis and is a molecular chaperone homologous to peptidyl prolyl cis-trans isomerases (38) , important for the proper folding of secreted proteins (16, 22) . Inactivation of prsA in B. It appears that the role of LipA in the ability of B. cereus to grow in the presence of tomato seeds and seedlings is also complex. Our data demonstrate that wild-type B. cereus, when inoculated onto tomato seeds with a 10-fold excess of the lipA mutant, enters an altered physiological state that results in medium-dependent culturability on the second day of the growth on seed assay.
The influence of the physiological state of B. cereus cells on culturability has been observed in broth culture (E. A. B. Emmert and J. Handelsman, unpublished data). The ability to grow on rich medium (0.1ϫ TSA) and defined medium (MESAA1 agar) was compared between late-exponentialphase and stationary-phase B. cereus grown in brain heart infusion broth. At stationary phase, the detectable populations of B. cereus on MESAA1 agar were 200-fold lower than on 0.1ϫ TSA. During late exponential phase, the detectable populations on MESAA1 agar were at least 29,000-fold lower than on 0.1ϫ TSA. These results indicate that culturability of B. cereus is related to the growth stage of the bacteria. Although growth in liquid medium is not directly comparable to growth on tomato seeds, the possibility exists that the medium-dependent culturability of the wild type on the second day of the assay is related to the growth stage of the cells.
The presence of the lipA mutant appears to influence the culturability of wild-type cells, because only when the wild type was inoculated onto tomato seeds with sufficient quantities of the lipA mutant was this phenomenon observed. This might be due to the spatial distribution of the wild type and mutant cells when inoculated onto the tomato seeds. When a 10-fold excess of wild-type cells is inoculated onto a seed with the mutant, the wild-type cells are more likely to be surrounded by other wildtype cells, and medium-dependent culturability is not observed. When a 10-fold excess of mutant cells is inoculated onto a seed with wild-type cells, the wild-type cells are more likely to be surrounded by mutant cells, and medium-dependent culturability is observed. The mutant cells might produce one or more molecules that, in sufficient concentration, alter the physiological state of the wild type, preferentially obtain nutrients that are then not available to the wild type, and result in its altered physiological state-or possibly even be unresponsive to inhibitory compounds exuded from the seed that the wild type is sensitive to. Based on the available data, we can only speculate as to how exuded plant compounds and the lipA mutant could affect the wild type in our assay. Further study of the role of LipA in the physiology of B. cereus, combined with identification of the compounds in the tomato seed exudates responsible for induction and/or repression of lipA promoter activity, will be necessary to fully explain the role that LipA plays in interactions with plants.
The subtlety of the interaction reported here coincides with the emerging picture of the complex and dynamic relationship of seed exudate to the bacteria that colonize the seed. For example, canavanine, an arginine analog secreted by alfalfa seeds that is highly toxic to B. cereus in vitro, inhibits the growth of B. cereus more at a distance from the seed than directly on the seed surface (7). Since simple diffusion kinetics suggest that the concentration would be highest at the seed surface, some other factor in exudate most likely moderates the activity of canavanine at the seed surface. Canavanine toxicity might be modulated by arginine, which protects cells from canavanine toxicity when supplied at sufficiently high concentrations, and might protect B. cereus at the seed surface. We also have presented here evidence suggesting that amino acids antagonize each others' activity, and the ratio of amino acids or presence of other factors in the seed exudate determines whether lipA is induced.
In these experiments we have shown that the modified differential fluorescence induction method is useful for identifying genes in B. cereus regulated by biotic material. Using this technique we discovered lipA, a previously unidentified gene in B. cereus that may play a role in the ability of this bacterium to interact with host plants. Our screening of the library for exudate-regulated genes was not exhaustive, and the potential exists for finding many other interesting plant-regulated genes. Further use of this method with B. cereus will bring a greater understanding of the influence of plant hosts and of other plant-associated microorganisms on the gene expression and ecological behavior of gram-positive bacteria. 
